The dendritic geometry of mouse superior cervical ganglion cells was studied over periods of up to 3 months after postganglionic axotomy. Intracellular injection of HRP showed that total dendritic length and complexity were reduced by 60-70%, on average, among cells whose postganglionic axons had been crushed 2 weeks before. Both parameters gradually recovered in parallel with ganglion cell reinnervation of the periphery.
These results indicate that neuronal interactions with peripheral targets influence the configuration of ganglion cell dendrites throughout life. The implications of this conclusion are discussed.
cervical ganglion of the mouse using intracellular injection of HRP to monitor the effects on dendritic morphology of interrupting the postganglionic axons. I also observed the dendritic arbors of these cells as their axons regenerated to the periphery.
The results indicate that disconnection of ganglion cells from peripheral targets causes the dendrites to retract substantially over a period of about 2 weeks. Coincident with axonal regeneration to the periphery, the dendrites extend once again and approach their original length and complexity. The implication of these findings is that the retrograde trophic support known to influence several other aspects of these ganglion cells also affects neuronal geometry, and therefore the organization of preganglionic innervation. A preliminary report of some of these results has been presented (Yawo, 1986 ).
Materials and Methods
Young adult mice (CF 1 strain, 25-30 gm; about 8-l 2 weeks old) were anesthetized with chloral hydrate (0.6 gm/kg) and the left superior cervical ganglion was identified, together with its central and peripheral connections. One of the major postganglionic nerves, the external carotid, was crushed twice with jeweler's forceps for 10 set at a point 0.5-1.0 mm distal to the ganglion. The wound was then closed and the animals revived and returned to their cages.
After an interval of 1-12 weeks, the mice were anesthetized once again with an overdose of pentobarbital(500 mg/kg). Under deep anesthesia, they were perfused through the heart with oxygenated mammalian Ringer's solution to remove most of the blood. The left (operated) superior cervical ganglion was dissected free and placed in a recording chamber continuously superfused with oxygenated mammalian Ringer's solution. In some cases, the contralateral (right) ganglion was also examined. Sham-operated animals served as controls.
Individual neurons were impaled with triangular glass pipettes (American Glass Co.) filled with a 5% solution of HRP (Siama tvne VI) in 0.2
M potassium acetate in Tris buffer (0.05 M; pH 7.6) (Purves and Hume, 198 1) . The resistance of the microelectrodes ranged between 120 and 160 MQ. Neurons that had an action potential of at least 60 mV in response to intracellular current injection were filled with HRP by iontophoresis: 5-10 cells were injected in each ganglion (50 msec pulses of 3-6 nA depolarizing current at 5 Hz for 3-8 min). Most of the cells had resting potentials of -40 mV or more at the end of the injection period. One to two hours were allowed for the diffusion of HRP throughout the last cell that was injected; the ganglion was then fixed overnight in 1.25% glutaraldehyde and 0.5% paraformaldehyde. The following day, the HRP reaction product was developed by the method of Hanker et al. (1977) . Ganglia were subsequently dehydrated, cleared, and mounted whole on slides with DPX (BDH Chemicals, Ltd.). Only well-stained cells whose axons could be followed for at least 300 pm from the cell bodies were included in the study. In experimental ganglia, neurons whose axons could be traced into the crushed nerve were considered to have been axotomized; neurons whose axons could not be followed into the external carotid nerve were excluded from further analysis in both axotomized and control ganglia. Processes other than the axon and axon collaterals were considered to be dendrites. In most of the neurons that met the above criteria, the HRP reaction Figure 1 . Neuronal geometry of representative superior cervical ganglion cells before and after axonal interruption. Cells were chosen to represent the full range of total dendritic lengths at each time point (see Fig. 2 ). Postganglionic axons are indicated with an asterisk.
product could be followed with a 50 x water-immersion objective (nominal aperture, 1 .OO) out to the tip of each dendritic process. The dendritic geometry of labeled neurons was traced using a camera lucida drawing tube; detailed measurements were made with a digitizing tablet and a computer (see Voyvodic, 1986 Voyvodic, , 1987 .
Several measurements were used to evaluate the geometry of the HRP-filled neurons. These included (1) the number ofprimary dendrites (a primary dendrite was defined as a process other than the axon that extended radially from the cell body for a distance at least equivalent to a cell diameter); (2) the number of dendritic branches crossing a circle centered on the cell body with a radius of half the distance from the center to the farthest extent of the dendritic arbor; (3) the total length of a neuron's dendrites; and (4) the cell body size (as measured by the cross-sectional area). There was no obvious difference in any of these measurements between right and left ganglia in control animals. Therefore the data obtained from both sides were pooled. In order to determine the statistical significance of various measurements, the 2-tailed Student's t test was employed for means, and the chi-square test for medians.
Finally, the density of peripheral innervation arising from the external carotid nerve was estimated by catecholamine histofluorescence in the submandibular salivary gland (one of the major targets of the crushed nerve). In order to make this assessment, submandibular glands from both sides were removed and immediately frozen in isopentane that Table 1 ). The uppermost graphs, left and right, show the distributions of the same set of normal ganglion cells. In axotomized populations, the distributions are skewed towards lower values: this effect appears to be maximal in 2 weeks. Neurons with extraordinarily lengthy arbors after axotomy were those that possessed very long neurotic processes thought to represent newly formed sprouts (see text and Fig. 4) . Complete recovery appears to occur by 12 weeks after the operation. Arrows indicate medians (which are considered to represent differences better than means in such skewed distributions). Asterisks indicate that the difference between axotomized and control groups is statistically significant @ < 0.001; chi-square test).
had been cooled by liquid nitrogen. Within a week after storage at -7O"C, 16 rrn sections were prepared using a cryostat (-20°C). Tissue slices were reacted according to the glyoxylic acid method of de la Torre and Surgeon (1976; see also Cattle et al., 1985) . Catecholamine fluorescence was observed using a conventional epifluorescence system (Leitz D cube).
Results
Morphological changes of dendritic arbors after postganglionic axotomy Within a week after postganglionic axotomy, some neurons whose axons could be followed into the crushed nerve showed a reduction in the extent of dendritic arbors as compared to unaxotomized control neurons in normal animals. By the end of 2 weeks, virtually all cells whose axons had been interrupted appeared to have lost a substantial portion of their dendritic arbors. Documentation for these and subsequent time points is presented in Figures 1 and 2 and Table 1. As might be expected, a net increase of dendritic length was observed during this period both among control ganglion cells of the sham-operated animals and among ganglion cells in the contralateral unaxotomized ganglia. This increase presumably arises as a result of normal dendritic growth after maturation (see Voyvodic, 1987) . Subsequent to the first 2 weeks after postganglionic nerve crush, the total dendritic length of the affected ganglion cells showed gradual recovery and attained control levels by 3 months. Judging from a shift in the median (or the mode) of total dendritic length distributions (Fig. 2, right histograms) , the reduced dendritic length cannot be attributed solely to the prevention of normal growth by axotomy.
By the end of 2 weeks, there was also a significant reduction in the number of dendritic branches crossing a circle drawn halfway between the somal center and the farthest extent of the dendritic arbor (Table 1 ). This effect paralleled the changes in dendritic length, and also regained control levels by 3 months. Figure 3 summarizes the time course of several geometrical parameters over the first 3 months after axotomy. A slight rebound in the number of primary dendrites was observed 12 weeks after axotomy, but this rather minor effect could easily be a consequence of incomplete recovery of cell body size (recall that a primary dendrite is defined here by a length greater than the cell body diameter). To test the possibility that a reduction in total dendritic length could reflect the reduced number of Fig. 3 ), the dendritic length per primary dendrite was calculated as the total dendritic length divided by the number of primary dendrites. The distributions of dendritic length per primary dendrite were essentially similar to the distributions of total dendritic length (see Fig. 2 ), and the median was again significantly reduced by axotomy (185.5 pm 2 weeks after axotomy and 29 1.3 pm 2 weeks after sham operation; p < 0.001). Therefore, the reduction in total dendritic length of axotomized ganglion cells is not due to In the early period after postganglionic axotomy (l-4 weeks), other dendrite abnormalities were also observed. The most obvious of these were varicose or clublike structures along and/or at the ends of processes, many of which were abnormally fine and long ( Fig. 4A ; see also Fig. 1) . In some cells, these fine processes arose directly from the cell bodies, although most arose from more typical-looking dendrites. Occasionally, such processes entwined or terminated on what appeared to be other ganglion cell bodies (Fig. 4B) . Again, the occurrence of these abnormalities was maximal at about 2 weeks and dissipated thereafter. After 3 months, very few cells with these characteristics could be found.
In addition to effects on dendritic length and complexity, measurements of the cell body indicated that the normal increase in somal size that occurs during this period was also curtailed by axotomy (see Table 1 ). As in the case of dendrites, this deficiency tended to disappear over several weeks, although the cell body size was still smaller than that of controls at the end of 3 months. There was no apparent correlation between cell body size and total dendritic length in any of the populations of control or axotomized ganglion cells. Therefore, these 2 parameters evidently represent independent facets of the morphological differentiation of ganglion cells.
Peripheral innervation after axotomy
Catecholamine histofluorescence was examined in the submandibular salivary gland, a major target of the crushed postganglionic nerve. In control salivary glands (including glands contralateral to operated ganglia), catecholaminergic nerve terminals were abundant throughout the substance of the gland (Fig. 54) . However, catecholamine histofluorescence in the glands on the operated side was markedly reduced within a week of postgan- glionic nerve crush (Fig. 5B) . By l-2 weeks after axotomy, fluorescence was observed only in the immediate vicinity of blood vessels in the affected salivary glands. Four weeks after axotomy, the density of catecholaminergic nerves in the affected submandibular gland had increased, although it remained lower than control. Three months after axotomy, the density of catecholamine histofluorescence appeared to be roughly normal (Fig.  5, C, D) , implying full recovery of peripheral innervation. It might be argued that the submandibular gland could be reinnervated by the contralateral, intact ganglion rather than by the axotomized one. To test this, the contralateral external carotid nerve was crushed 1 week before examination of the catecholamine fluorescence of the submandibular gland. In this case, full recovery of catecholamine fluorescence was again observed 12 weeks after crushing the nerve. Therefore, the contralateral external carotid nerve did not provide significant innervation to the denervated salivary glands.
Discussion
The results reported here indicate that the dendritic arbors of superior cervical ganglion cells react to postganglionic axotomy with a transient involution of their dendritic arbors. This effect reaches a maximum in about 2 weeks, and recovers in parallel with reinnervation of peripheral targets. Although, to my knowledge, no similar quantitative studies of the dendritic reaction to axotomy have been made using intracellular injection of a marker, a number of observations made with other techniques are consistent with the present findings. Thus, in the rat hypoglossal nucleus examined after Golgi impregnation, dendritic arbors were decreased a few weeks after axotomy, and tended to re-expand thereafter (Sumner and Watson, 1971) . Reduction of the dendritic fields of spinal motoneurons was also demonstrated with Golgi staining after ventral root transection (Cerf and Chacko, 1958; Standler and Bernstein, 1982) . A small number of intracellularly injected ganglion cells in the guinea pig also showed an obvious reaction following axotomy that suggested altered growth of dendritic processes (Purves, 1975) . Electron-microscopic observation of axotomized ganglia showed dendritic swellings with organelles similar to those found in growthcones (Matthews andNelson, 1975; Purves, 1975 Purves, ,1976 . Taken together, these results suggest that the integrity of postganglionic axons is important in the morphological maintenance of dendritic arbors. One possibility, of course, is that the reaction I observed was simply a result of neuronal damage. Although this is difficult to rule out, numerous studies of other aspects of the axotomy reaction-metabolic changes and the synapse loss known to follow axonal interruption-have indicated that these changes are not due to injury per se (Sumner and Watson, 197 1; Pilar and Landmesser, 1972; Watson, 1974; Purves, 1976) .
The most conventional explanation of other axotomy-induced changes is loss of trophic support from the periphery (Cragg, 1970; Lieberman, 197 1; Kuno et al., 1974; Purves, 1975 Purves, , 1976 Mendell et al., 1976) . For sympathetic neurons, the protein NGF appears to play an important part in this regulation (Hendry, 1975; Purves and Nja, 1976; Nja and Purves, 1978;  see also Purves and Lichtman, 1978; Purves and Nja, 1978; Levi-Montalcini and Aloe, 1983; Thoenen and Edgar, 1985) . Although I have no direct evidence, a similar explanation is equally plausible in the case of dendritic maintenance. In this view, the loss of dendritic length and complexity within 2 weeks of axotomy arises because of a diminished trophic signal from the periphery; as the axon regenerates and regains a portion of its initial trophic support, the dendritic arbor expands accordingly. A similar scenario has been suggested for normal development (see Jacobson, 1978) . For example, in several systems, including rat superior cervical ganglia, axonal extension to targets precedes the growth and differentiation of dendrites (Hamburger and Keefe, 1944; Barron, 1948; Hinds and Hinds, 1976; Wise et al., 1979; Rubin, 1985; see, however, Landmesser and Pilar, 1974; Hughes and LaVelle, 1975; Oppenheim et al., 1978) . Further evidence that supports this general view is that exogenous administration of NGF to neonatal rats enhances the complexity and length of dendritic arborizations and the rate of dendritic growth in the superior cervical ganglion (Snider, 1986, and unpublished observations) .
It should be noted, however, that afferents do affect dendritic geometry in some parts of the nervous system, such as neurons in chick auditory nuclei (Levi-Montalcini, 1949; Benes et al., 1977; Deitch and Rubel, 1984) and cerebellar Purkinje cells (Rakic and Sidman, 1973) . In some neuronal systems, removal of afferent inputs curtails the very survival of postsynaptic cells in the course of normal development (Oppenheim, 198 1; Okado and Oppenheim, 1984; Clarke, 1985) . Nevertheless, the absence of afferent input has little influence on the dendritic differentiation of spinal neurons (Brown et al., 1983; Sedivec et al., 1986; see, however, Brown et al., 1979) or of sympathetic ganglion cells (Hamlyn, 1954; McLachlan, 1974; Smolen and BeastonWimmer, 1986; Voyvodic, 1987) (although afferent input is necessary for the biochemical differentiation of sympathetic ganglion cells; see Black, 1978 Black, , 1982 . Therefore, it is quite unlikely that axotomy of the superior cervical ganglion first induces a loss of afferent synapses, which then results in a secondary dendritic atrophy.
One aspect of the present observations that is not easily rationalized is the presence on some axotomized cells of fine processes that appear to be elongating rather than retracting (see Matthews and Nelson, 1975; Purves, 1975) . Dendritic sprouting has also been reported in lamprey hindbrain neurons when the axons are transected close to the cell bodies (Hall and Cohen, 1983) , and chronically axotomized cat spinal motoneurons respond to axotomy by developing supernumerary axons (Havton and Kellerth, 1987) . A possible explanation is suggested by the fact that neurons in parasympathetic ganglia respond to local denervation by sprouting (Sargent and Dennis, 1981; D. A. Johnson, unpublished observations) . Perhaps the cholinergic population of superior cervical ganglion cells (thought to be about 5%; see Sjiiqvist, 1963a,b; Buckley et al., 1967; Yamauchi et al., 1973) reacts in a manner similar to the preganglionic synapse loss that follows axotomy (Matthews and Nelson, 1975; Purves, 1975) .
In conclusion, one of the factors that appears to determine the configuration of neuronal dendrites among autonomic neurons is the integrity of postganglionic axons and, presumably, their interaction with peripheral targets. An influence of this sort would allow neurons to adjust their form, and thus the innervation they receive, in concert with the extent of their innervation of target cells. Such retrograde influence may also be relevant to the ongoing growth and retraction of dendrites recently observed among the superior cervical ganglion Cells of adult mice (Purves and Hadley, 1985; Purves et al., 1986) , and to the overall increase in the size of dendritic arbors that parallels the continued growth of rodents in maturity (Voyvodic, 1987) .
